Introduction
============

Lung cancer, a malignant tumor, is a common disease with high mortality in China ([@b1-ol-0-0-7329]). It has been reported that lung cancer is the leading cause of cancer mortality in men aged ≥40 years ([@b2-ol-0-0-7329],[@b3-ol-0-0-7329]). Surgery, chemotherapy and radiotherapy are the primary treatment methods for lung cancer. However, the efficacy of chemotherapy and radiotherapy is limited due to drug resistance, and surgical operation is restricted as a result of local anatomical limitations. The five-year survival rate of lung cancer patients is \~15% following primary diagnosis ([@b4-ol-0-0-7329]).

The development of lung cancer may involve the inactivation of tumor suppressor genes, the overexpression of oncogenes or the deregulation of various signaling proteins. Liu *et al* ([@b5-ol-0-0-7329]) has suggested that differentially expressed microRNAs in lung cancer compared with the adjacent normal lung tissues may serve tumor suppressive or oncogenic roles. Investigating the alterations in gene expression during tumorigenesis has been demonstrated to serve an important role in the diagnosis of patients with lung cancer, predicting patient survival in early-stage lung adenocarcinomas, and serve as guides for targeted therapies ([@b6-ol-0-0-7329],[@b7-ol-0-0-7329]). Therefore, characterizing the differential expression of functional genes, particularly the known cancer-associated genes, is of great importance, and may provide potential gene-targeted therapies.

Differentially expressed genes (DEGs), identified by the comparison of the gene expression profiles of lung cancer samples with healthy controls, may present a large volume of information for gene-targeted therapies. A previous study performed a microarray analysis to identify the DEGs contributing to radio-resistance in lung cancer cells ([@b8-ol-0-0-7329]). Another study identified that the network analysis of DEGs revealed key genes in small cell lung cancer ([@b9-ol-0-0-7329]). The present study aimed to combine the comparative analysis of DEGs between lung cancer and normal tissue with network analysis in the development of lung cancer, to promote the understanding about this disease and to also identify potential targets for diagnostic and therapeutic usage.

In the present study, firstly, an analysis of DEGs in lung cancer tissues was performed, then the protein interaction and transcriptional regulatory networks were identified and analyzed to provide additional insights into the pathogenic mechanism of lung cancer. Pituitary tumor-transforming gene-1 (PTTG1) and matrix metalloproteinase-9 (MMP9) were hypothesized to serve major roles in the development of lung cancer. Secondly, reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blotting were performed to verify the expression of these two genes in lung cancer tissues. Finally, the effect of the PTTG1or MMP9 overexpression on migration, proliferation, colony formation and apoptosis in the human bronchial epithelial BEAS-2Bcell line was examined.

Materials and methods
=====================

### Microarray data

Microarray data setsGSE3268 and GSE19804 were downloaded from Gene Expression Omnibus (GEO; <https://www.ncbi.nlm.nih.gov/geo/>). GSE3268 contains 10 samples, including 5 squamous lung cancer and 5 healthy controls. The annotation information of chip was downloaded from Affymetrix Human Genome U133A Array (<http://www.affymetrix.com/support/technical/manual/expression_manual.affx>) ([@b10-ol-0-0-7329]). GSE19804 contains 120 samples, including 60 lung cancer and 60 healthy controls. The annotation information of chip was downloaded from Affymetrix Human Genome U133 Plus 2.0 Array (<http://www.affymetrix.com/support/technical/manual/expression_manual.affx>) ([@b11-ol-0-0-7329]).

### Differential expression analysis

The probe number of the series matrix data was changed to 'gene name'. A gene corresponding to a plurality of probes was taken as the expression average value. As the data was from different platforms, the same data in the two expression profiles was combined. For the combination of two expression profiles, batch error was removed and the datasets were standardized. Then, an expression profile containing 8,172 genes was obtained. The analysis of difference expression was taken by using the Limma package from the Bioconductor project (<http://www.bioconductor.org>;version 2.7.1) ([@b12-ol-0-0-7329]). \|logFC\|\>1 and FDR\<0.05 were set as the cut-offs to screen out the differentially expressed genes (DEGs) of the lung cancer-associated genes.

### Protein interaction networks and transcriptional regulatory networks

The differentially expressed proteins were analyzed using the Search Tool for the Retrieval of Interacting Genes (STRING) database (<https://string-db.org/>) to derive protein interaction networks and predict hub proteins ([@b13-ol-0-0-7329]). The networks between the differentially expressed gene and transcription factors (TFs) in the present study were constructed by using the association between TFs and target genes, which was predicted by University of California Santa Cruz Genome Browser ([@b14-ol-0-0-7329]).

### Patients

A total of 20 patients with lung cancer (with a mean age of 65±3 years;12 male and 8 female) were enrolled from Peking Union Medical College Hospital (Beijing, China) between December 2013 and January 2015. The diagnosis of lung cancer was established using World Health Organization (WHO) morphological criteria ([@b15-ol-0-0-7329]). Cancerous sample and adjacent non-cancerous lung tissue samples (control) were collected during surgery. Surgically removed samples were stored in liquid nitrogen until use. Written informed consent was obtained from all patients participating in the present study. The present study was approved by the Ethics Committee of Peking Union Medical College Hospital.

### Cell and culture

The human bronchial epithelial BEAS-2Bcell line was purchased from the American Type Culture Collection (Manassas, MA, USA). The BEAS-2B cells were cultured in bronchial epithelial cell growth medium (BEGM; Lonza Group, Ltd., Basel, Switzerland) and incubated at 37°C in 5% CO~2~ as previously described ([@b16-ol-0-0-7329]).

### Plasmid construction and transfection

The DNA fragments of PTTG1 and MMP9 were synthesized by Takara Bio, Inc. (Otsu, Japan). The plasmid pcDNA3.1/V5-His was used to construct expression plasmid pcDNA3.1/V5-His-PTTG1and pcDNA3.1/V5-His-MMP9. For the plasmids transfection experiments, BEAS-2Bcells were transfected with pcDNA3.1/V5-His-PTTG1, pcDNA3.1/V5-His-MMP9 and pcDNA3.1/V5-His empty vectors mixed in Lipofectamine^®^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer\'s protocol. Transfection efficiency was evaluated by the percentage of green fluorescent protein-positive cells.

### RT-qPCR

Total RNA was isolated from lung cancer and healthy lung tissues using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). cDNA was prepared by reverse transcription of single-stranded RNA using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s instructions. Briefly, 1 or 2 µg of mRNA, 2 µl of RT buffer, 0.8 µl of dNTP mixture, 2 µl of RT random primers, 1 µl of Multi-Scribe reverse transcriptase, and 4.2 µl of nuclease-free water were used for each cDNA synthesis. After the reverse transcription, cDNA was stored at −20°C. Reactions were incubated in a PCR thermocycler at 25°C for 10 min, 37°C for 120 min, and 85°C for 5 min and then cooled to 4°C. RT-qPCR was carried out using the SYBR^®^ Premix Ex Taq^™^ kit (Takara Bio, Inc., Otsu, Japan), according to the manufacturer\'s instructions. The 20 ml reaction mix consisted of 2 ml30-fold diluted 1st-strand cDNA, 10 ml 2X SYBR^®^ Premix Ex Taq^™^, 0.4 ml 10 mM forward and reverse primer, 0.4 ml 50X ROX Reference Dye and 6.8 ml DEPC-treated water. The primer pairs used in these reactions were as follows: PTTG1forward, 5′-TGATCCTTGACGAGGAGAGAG-3′ and reverse, 5′-GGTGGCAATTCAACATCCAGG-3′; MMP9, forward, 5′-GGGCCGCTCCTACTCTGCCT-3′ and reverse, 5′-TCGAGTCAGCTCGGGTCGGG-3′; GAPDH, forward, 5′-GAAGGTGAAGGTCGGAGTC-3′ and reverse, 5′-GAAGATGGTGATGGGATTC-3′. Reactions were performed in an ABI7300 Real-Time quantitative instrument (Applied Biosystems; Thermo Fisher Scientific, Inc.). The thermocycling conditions were as follows: Initial denaturation at 95°C for 30 sec, followed by 40 cycles of 95°C for 5 sec and 60°C for 31 sec. The expression level of the internal control gene GAPDH, was used as a housekeeping gene, and the comparative 2^−ΔΔCq^ method ([@b17-ol-0-0-7329]) was used to quantify gene expression levels. All experiments were performed in triplicate.

### Western blot analysis

Protein was collected from lung cancer tissues and normal tissues that were lysed in radioimmunoprecipitation assay (RIPA) buffer containing protease inhibitors at 4°C for 30 min. Cell lysates were prepared with a RIPA lysis buffer kit (Santa Cruz Biotechnology, Inc., Dallas, TX, USA), and the protein concentrations were quantified using a Bio-Rad protein assay using the Bradford method (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Proteins (30 µg per lane) were separated on 8% SDS-PAGE and transferred to polyvinylidene difluoride membranes (Amersham; GE Healthcare, Chicago, IL, USA). The membranes were blocked in 5% non-fat milk overnight at 4°C. Transferred membranes were then stained with the following primary antibodies: anti-PTTG1 (1:500; cat. no. 341500; Invitrogen; Thermo Fisher Scientific, Inc.), anti-MMP9 (1:500; cat. no. ab76003; Abcam, Cambridge, MA, USA) and anti-GAPDH (1:500; cat. no. ab8245; Santa Cruz Biotechnology, Inc.) overnight at 4°C. Subsequently, protein bands were detected by incubation with a horseradish peroxidase-conjugated secondary antibody (1:1,000; Origene Technologies, Inc., Beijing, China; cat. no. A50-106P) at room temperature for 1 h. Signals were detected using an enhanced chemiluminescence kit (Wuhan Boster Biological Technology Co., Ltd., Wuhan, China; cat. no. orb90504) and exposed to Kodak X-OMAT film (Kodak, Rochester, NY, USA). Each experiment was performed at least three times and the results were analyzed using Alpha View Analysis Tools \[AlphaView (SA) software version 3.2.2; Protein Simple, San Jose, CA, USA\].

### Transwell assay

BEAS-2B cells with pcDNA3.1/V5-His-PTTG1, pcDNA3.1/V5-His-MMP9 and pcDNA3.1/V5-His empty vectors were serum-starved overnight and resuspended in serum-free medium. A total of 300 µl cell suspension was placed in the upper Transwell insert with Matrigel (BD Biosciences, Franklin Lakes, NJ, USA). The chambers were placed in 24-well plates and cultured in 700 µl BEGM medium with 25% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) to allow the cells to migrate through the porous membrane for 24 h at 37°C. The cells adhered to the lower surface were fixed with 100% methanol for 20 min at room temperature and stained with 5% Giemsa solution (Merck & Co., Inc., Whitehouse Station, NJ, USA) for 20 min at room temperature. The total number of cells on the lower surface of the membrane was counted by light microscopy using five random fields (BX50; Olympus Corporation, Tokyo, Japan; magnification, ×100).

### Cell proliferation assay

Cell proliferation was assessed by a CCK-8 kit (Wuhan Boster Biological Technology, Ltd., Wuhan, China). Briefly, the WST-8 was added to the culture medium, and the cultures were incubated for 1 h at 37°C in 5% CO~2~. The absorbance was measured at 450 nm using a Microplate Reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

### Colony formation assay

Tumor cells were seeded at a density of 300 cells/ml on35-mm dishes. The colony formation assay was performed as previously described ([@b18-ol-0-0-7329]).

### Apoptosis assay

An Annexin V-fluorescein isothiocyanate (FITC) staining assay (Invitrogen; Thermo Fisher Scientific, Inc.) was performed according to the protocol of the manufacturer to quantify cell apoptosis. Briefly, the cells were harvested and stained with 3 µl Annexin V-FITC (25 µg/ml) and 5 µl propidium iodide (50 µg/ml) for 20 min at 37°C. Then, the cells were washed twice with PBS, and the fluorescence was analyzed using a FACSCalibur flow cytometry system (BD Biosciences).

### Statistical analysis

The unpaired t-test was used for comparisons between two groups. A one-way analysis of variance followed by a Tukey\'s test was used to compare multiple groups. The software SPSS 13.0 (SPSS, Inc., Chicago, IL, USA) was used to analyze all these data. \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001 vs. control. The data were expressed as mean ± standard error of the mean.

Results
=======

### Selection of DEGs

The same data in GSE3268 and GSE19804was combined. For the combination of the two expression profiles, batch error was removed and the datasets were standardized. Then, the differential expression of the genes was analyzed using Limma package. Following calculation of the data using the standardized approach, a total of 466 difference expression genes were screened, including 310 downregulated genes ([Fig. 1](#f1-ol-0-0-7329){ref-type="fig"}, blue circles) and 156 upregulated genes ([Fig. 1](#f1-ol-0-0-7329){ref-type="fig"}, pink circles).

### Constructing the protein interaction networks

Protein interaction networks corresponding with the DEGs were constructed using the STRING online tools. The results demonstrated that the degree of certain nodes was markedly higher compared with the average degree in the networks ([Fig. 1](#f1-ol-0-0-7329){ref-type="fig"}). The genes with significantly higher degrees were PTTG1 and MMP9 (yellow font).

### Constructing the transcription factor regulatory networks

Then, transcription factor regulatory networks were constructed subsequent to select the transcription factors of the DEGs ([Fig. 2](#f2-ol-0-0-7329){ref-type="fig"}). The results demonstrated that PTTG1 appeared to be regulated by LMO2, a molecule associated with cancer cell growth and differentiation ([@b19-ol-0-0-7329],[@b20-ol-0-0-7329]). In addition, MMP9 was predicted to be regulated by FBJ murine osteosarcoma viral oncogene homolog B, a tumorigenesis-associated protein ([@b21-ol-0-0-7329],[@b22-ol-0-0-7329]). Taken together, PTTG1 and MMP9 appear to be potential key genes in the onset and development of lung cancer.

### PTTG1 and MMP9 are upregulated in lung cancer tissues

To determine the role of PTTG1 and MMP9 in lung cancer, firstly, the mRNA and protein expression of PTTG1 and MMP9 in 20 patients with lung cancer and 10 healthy lung tissues were detected by RT-qPCR and western blot. The results indicated that the mRNA level expressions of PTTG1 and MMP9 were significantly upregulated compared with the control (P\<0.01; [Fig. 3A](#f3-ol-0-0-7329){ref-type="fig"}). Similarly, the protein level expression of PTTG1 and MMP9 were significantly increased compared with the control (P\<0.01; [Fig. 3B](#f3-ol-0-0-7329){ref-type="fig"}). These investigations were consistent with analysis of networks ([Figs. 1](#f1-ol-0-0-7329){ref-type="fig"} and [2](#f2-ol-0-0-7329){ref-type="fig"}).

### PTTG1 and MMP9 facilitate migration and proliferation, increase colony formation and suppress apoptosis in BEAS-2B cells

As cancer cell migration, proliferation, colony formation and apoptosis are closely associated with tumorigenesis ([@b23-ol-0-0-7329]), BEAS-2B cells with pcDNA3.1/V5-His-PTTG1 and pcDNA3.1/V5-His-MMP9 were successful constructed to explore the role of PTTG1 and MMP9 in lung cancer tumorigenesis ([Fig. 4A](#f4-ol-0-0-7329){ref-type="fig"}). Firstly, the Transwell assay demonstrated that the overexpression of PTTG1 (PTTG1^+/+^) or MMP9 (MMP9^+/+^) significantly increased the migration of BEAS-2B cells (both P\<0.05; [Fig. 4B and C](#f4-ol-0-0-7329){ref-type="fig"}). Then, the results of CCK-8 assay indicated that the overexpression of PTTG1 or MMP9 significantly increased the proliferation ability of BEAS-2B cells (both P\<0.05; [Fig. 5A](#f5-ol-0-0-7329){ref-type="fig"}). PTTG1 or MMP9 markedly induced colony formation ability compared with the control ([Fig. 5B](#f5-ol-0-0-7329){ref-type="fig"}). Finally, the results of apoptosis assay suggested that the overexpression of PTTG1or MMP9 significantly suppressed the apoptosis of BEAS-2B cells ([Fig. 5C and D](#f5-ol-0-0-7329){ref-type="fig"}). In summary, PTTG1 and MMP9 may facilitate the migration and proliferation, induce colony formation and suppress apoptosis of BEAS-2B cells, suggesting the vital roles of PTTG1 and MMP9 in promoting lung cancer development.

Discussion
==========

Lung cancer is a common disease with high mortality in China ([@b1-ol-0-0-7329]). It is fatal, and possesses a varied epidemiology on the basis of sex, geographical regions and age ([@b3-ol-0-0-7329]). In the present study, DEGs associated with the biogenesis of lung cancer were screened. Then, the protein interaction and transcriptional regulatory networks of lung cancer were analyzed. PTTG1 and MMP9 genes were hypothesized to serve major roles in the development of lung cancer based on the network analysis. Additional analysis was performed to improve the understanding of the biological implications of these two genes, and the results demonstrated that the tumorigenic roles of PTTG1 and MMP9 were to promote migration and proliferation, induce colony formation and suppress apoptosis.

PTTG1 was primarily isolated from rat pituitary tumor cells ([@b24-ol-0-0-7329]). Subsequently, PTTG1, a vertebrate securin, was identified to exert its effects on cell cycle control, cell replication, organ development, metabolism, DNA damage/repair, cell transformation and cell senescence ([@b25-ol-0-0-7329],[@b26-ol-0-0-7329]). Notably, PTTG1 is highly expressed in a variety of organs, including colon, pituitary, thyroid, breast, ovary, uterine and esophagus, particularly in the lungs ([@b27-ol-0-0-7329]--[@b33-ol-0-0-7329]). Consistent with the present study, PTTG1 has been indicated to be a key signature gene associated with tumor metastasis ([@b25-ol-0-0-7329],[@b34-ol-0-0-7329]--[@b36-ol-0-0-7329]). The mechanism is complex: PTTG1 exhibits the ability to activate c-Myc and cyclin D3, increase basic fibroblast growth factor, vascular endothelial growth factor and matrix metalloproteinase 2 expression to induce angiogenesis, and also induce interleukin-8 to function in metastasis ([@b25-ol-0-0-7329],[@b34-ol-0-0-7329]--[@b36-ol-0-0-7329]). PTTG1 may also interact with transcription factors including tumor protein 53, transcription factor Sp1 and upstream stimulatory factor 1, which were reported to be involved in tumorigenesis and cancer development ([@b34-ol-0-0-7329],[@b37-ol-0-0-7329],[@b38-ol-0-0-7329]).

MMP-9 (also known as gelatinase-B), a 92-kDa gelatinase, catalyzes type IV collagen in the basal membrane and is considered as a key enzyme ([@b39-ol-0-0-7329]). It serves an important role in regulating tumor cell behaviors, including growth, differentiation, apoptosis, migration, invasion, tumor angiogenesis, and immune surveillance ([@b40-ol-0-0-7329],[@b41-ol-0-0-7329]). The expression of MMP-9 was reported to be significantly higher in non-small cell lung cancer and small cell lung cancer compared with normal tissues, and also associated with pathological type and prognosis ([@b42-ol-0-0-7329]). The underlying mechanism of the carcinogenic role of MMP-9 is also complex and requires additional precise investigation ([@b43-ol-0-0-7329],[@b44-ol-0-0-7329]).

Overall, the present study demonstrated that PTTG1 and MMP9 were key signature genes associated with tumorigenesis. Mechanically, increased PTTG1 or MMP9 may facilitate cell migration and proliferation, induce colony formation and suppress cell apoptosis. The present study also suggested that PTTG and MMP9 may serve as important target genes for the treatment of lung cancer. The molecular mechanism by which PTTG and MMP9 mediates their tumorigenic function in this study remain intricate.

![Protein interaction networks for differentially expressed proteins. Pink circles represent downregulated genes and blue circles represent upregulated genes. PTTG1 and MMP9 are highlighted in yellow fonts. PTTG1, pituitary tumor-transforming gene-1; MMP9, matrix metalloproteinase 9.](ol-15-01-0257-g00){#f1-ol-0-0-7329}

![Transcription factor regulatory networks. Blue and pink arrows represent transcription factors; blue figures represent upregulated genes and pink figures represent downregulated genes. PTTG1 and MMP9 are highlighted in yellow fonts. PTTG1, pituitary tumor-transforming gene-1; MMP9, matrix metalloproteinase 9.](ol-15-01-0257-g01){#f2-ol-0-0-7329}

![PT-PCR and western blotting of PTTG1 and MMP9. (A) The mRNA expression levels of PTTG1 and MMP9 in lung cancer and healthy lung tissues. (B) The protein expression levels of PTTG1 and MMP9 in lung cancer and healthy lung tissues. Data are presented as the mean ± standard deviation of four independent experiments. \*\*P\<0.01 compared with the control.](ol-15-01-0257-g02){#f3-ol-0-0-7329}

![Effects of overexpression of PTTG1or MMP9 on migration in BEAS-2B cells. (A) The protein expression levels of PTTG1 or MMP9 in BEAS-2B cells transfected with pcDNA3.1/V5-His-PTTG1and pcDNA3.1/V5-His-MMP9 vectors. (B) The statistical results of the Transwell migration assay. Data are presented as the mean ± standard deviation of four independent experiments. \*P\<0.05. (C) Transwell migration assay demonstrated that BEAS-2B cells transfected with the PTTG1or MMP9 vectors exhibited higher migratory rates compared with the control through microscopy (magnification, ×100). PTTG1, pituitary tumor-transforming gene-1; MMP9, matrix metalloproteinase 9. \*P\<0.05 compared with the control.](ol-15-01-0257-g03){#f4-ol-0-0-7329}

![Effects of overexpression of PTTG1or MMP9 on proliferation, colony formation and apoptosis in BEAS-2B cells. (A) BEAS-2B cells transfected with the PTTG1or MMP9 vectors exhibited higher proliferative rates compared with the control. (B) BEAS-2B cells transfected with the PTTG1or MMP9 vectors promoted colony formation compared with the control. (C) The statistical results of viable, early apoptotic, late apoptotic and dead cells in control, PTTG1^+/+^ and MMP9^+/+^ groups. (D) BEAS-2B cells transfected with the PTTG1or MMP9 vectors exhibited lower apoptotic rates compared with the control. Data are presented as the mean ± standard deviation of four independent experiments. \*P\<0.05, \*\*P\<0.01 compared with the control.](ol-15-01-0257-g04){#f5-ol-0-0-7329}
